INTRODUCTION
Breast cancer is the most frequently diagnosed malignancy in women in the United States and the leading cause of cancer death in women worldwide (1) . Although the molecular mechanisms involved in breast tumor development remain to be fully understood, it has been established that E2 triggers stimulatory effects by binding to the estrogen receptor (ER)α and ERβ that regulate the expression of genes involved in cell cycle progression, cell migration and survival (2, 3) . In addition, the G protein-coupled receptor (GPR)30/GPER has been shown to mediate estrogenic signaling in different normal and malignant cell contexts, including breast cancer (3) (4) (5) (6) (7) . In this regard, the identification of selective GPER agonists or antagonists (8) (9) (10) (11) (12) , has allowed the evaluation of certain biological responses elicited through GPER. Actually, GPER activates a network of transduction pathways involving the Epidermal Growth Factor Receptor (EGFR), the intracellular cyclic AMP (cAMP), the mitogen-activated protein kinases (MAPKs) cascade and calcium mobilization (13) (14) (15) . Moreover, the potential of GPER to mediate growth effects in diverse types of tumors has been evidenced (6,7) together with its involvement in the estrogen responsiveness of ER-negative breast cancer cells (16) . In accordance with these findings, the expression of GPER was associated with aggressive features and lower survival rates in endometrial and ovarian cancer patients (17, 18) , whereas GPER was negatively correlated with relapse-free survival and positively associated with the resistance to tamoxifen treatment in breast tumors (19) . Therefore, GPER may be considered as a prognostic marker and a further player involved to some extent in the failure of endocrine therapy in estrogen-sensitive malignancies (20) . Additionally, the GPER/EGFR signaling mediates the expression of cell cycle regulatory genes in cancer-associated fibroblasts (CAFs) derived from breast tumor patients, suggesting that the action of GPER may involve a functional interaction between these main components of the tumor microenvironment and cancer cells (21) . Tumor angiogenesis is a complex process initiated by paracrine signals occurring through tumor cells and the surrounding stroma (22) . As the Vascular Endothelial Growth Factor-A (VEGF-A, also referred to as VEGF) mainly drives cancer progression upon hypoxic conditions (23) , VEGF inhibitors are currently used in different chemotherapeutic strategies (24) . Hence, great efforts are still addressed towards a deeper understanding of the transduction mechanisms involved in the expression and function of VEGF. In this regard, it should be mentioned that ERα mediates the upregulation of VEGF by 17β-estradiol (E2) in estrogen-sensitive tumors (25, 26) . In addition, E2 induced through ERα the expression of hypoxia inducible factor-1α (HIF-1α), which is an acknowledged VEGF regulator (27, 28) . Nevertheless, it remains to be elucidated the potential of E2 in stimulating VEGF expression and angiogenesis in cell contexts lacking ER expression.
On the basis of the aforementioned data and our previous investigation showing that HIF-1α/GPER signaling mediates the induction of VEGF by hypoxia in different model systems (29) , in the present study we have assessed the ability of ligand-activated GPER to regulate VEGF in ERnegative breast cancer cells as well as in CAFs and breast tumor xenografts. Our results provide novel insights into the ability of estrogens to induce VEGF expression and angiogenesis through GPER, hence extending the mechanisms through which estrogens trigger breast cancer progression. (Milan, Italy). Human VEGF was purchased from Peprotech (Rocky Hill, New Jersey, USA). All compounds were dissolved in DMSO (Dimethyl sulfoxide) except E2 and OHT which were solubilized in ethanol and VEGF and E2-BSA which were solubilized respectively in water and phosphate buffered saline (PBS). Before use, E2-BSA stock solution was mixed with dextran (0.05 mg/ml) and charcoal (50 mg/ml) for 30 min, centrifuged at 3000×g for 10 min and passed through a 0.22 mm filter to remove the potential contamination of free E2.
Cell Cultures. CAFs obtained from breast malignancies, were characterized and maintained as we previously described (29) . The SkBr3 breast cancer cells were obtained by ATCC (Manassas, USA), used less than six months after resuscitation and maintained in RPMI-1640 without phenol red, supplemented with 10% fetal bovine serum (FBS) and 100 μg/ml penicillin/streptomycin (Life Technologies, Milan, Italy). HUVECs, kindly provided by Dr. A.
Caruso (University of Brescia, Italy) and routinely tested and authenticated according to the ATCC suggestions, were seeded on collagen-coated flasks (Sigma-Aldrich Srl, Milan, Italy) and cultured in Endothelial Growth Medium (EGM) (Lonza, Milan, Italy), supplemented with 5% FBS (Lonza, Milan, Italy). Breast MCF-7 and prostate LNCaP cancer cells were obtained by ATCC (Manassas, USA), used less than six months after resuscitation and maintained respectively in DMEM and RPMI-1640, both supplemented with 10% FBS and 100 μg/ml penicillin/streptomycin Gene expression studies. Total RNA was extracted and cDNA was synthesized by reverse transcription as previously described (29) . The expression of selected genes was quantified by realtime PCR using
Step One (TM) sequence detection system (Applied Biosystems Inc, Milan, Italy).
Gene-specific primers were designed using Primer Express version 2.0 software (Applied Biosystems. Inc. and revealed using the ECL® System (GE Healthcare, Milan, Italy). Mannheim, Germany) were used for the microscopy evaluation.
Gene Silencing Experiments
Conditioned Medium. CAFs were cultured in regular growth medium, then cells were washed twice with PBS and transfected for 24 h in serum-free RPMI 1640 with shGPER or control shRNA using X-treme GENE 9 DNA transfection reagent as recommended by the manufacturer (Roche Molecular Biochemicals, Milan, Italy). Cells were treated for 18 h with E2 and G-1, the culture medium was then replaced for additional 18 h with medium without serum and treatments.
Thereafter, the supernatants were collected, centrifuged at 3500 rpm for 5 min to remove cell debris and used as conditioned medium in HUVECs.
Evaluation of E2 production. SkBr3 and CAFs cultured in regular growth medium were rinsed twice with PBS and incubated with serum-free medium for 24 h. Culture supernatants were collected and centrifuged at 3500 rpm for 5 min to remove cell debris. 300 pg/mL E2 were added to collected supernatants in order to obtain a positive control. E2 production was measured by ELISA (Enzo Life Sciences, Milan, Italy) in three independent experiments performed in triplicate. Statistical analysis: Statistical analysis was performed using ANOVA followed by NewmanKeuls' testing to determine differences in means. Statistical comparisons for in vivo studies were made using the Wilcoxon-Mann-Whitney test. p < 0.05 was considered statistically significant. 
RESULTS

E2
and G-1 induce VEGF expression through GPER. Considering the ability of estrogens to stimulate the expression of the pro-angiogenic mediator VEGF (25, 26) , we aimed to evaluate whether GPER may be involved in this response to estrogens. To this end, we used as a model system the SkBr3 breast cancer cells and CAFs that do not express the classical ERs (Supplementary Fig. S1 ) and are not able to produce E2 following our experimental conditions (Supplementary Fig. S1 ). As determined by real time PCR, the selective GPER agonist G-1 and E2 induced the mRNA expression of VEGF (Fig. 1A-B) . Accordingly, G-1 and E2 transactivated a VEGF promoter construct (Fig. 1C) through GPER, as the luciferase activity was repressed knocking-down the expression of GPER in SkBr3 cells (Fig. 1D ) and CAFs (data not shown). The aforementioned findings were then confirmed by immunofluorescence experiments performed in both SkBr3 cells (Fig. 2) and CAFs ( Supplementary Fig. S2 ), further corroborating the involvement of GPER in the up-regulation of VEGF protein expression induced by estrogens in these cells.
HIF-1α expression is regulated by estrogens through GPER along with the EGFR/ERK/c-
FOS transduction pathway.
On the basis of previous data showing that estrogens induce the expression of HIF-1α which has been largely involved in the transcriptional regulation of VEGF (27, 28) , we asked whether this action of estrogens may occur through GPER. Notably, E2 and G-1 up-regulated the mRNA expression (Fig. 3A-B) and the protein levels of HIF-1α (Fig. 3C-F ) in a GPER-dependent manner as the GPER silencing abrogated these responses (Fig. 3G,H and Supplementary Fig. S3 ). Next, the HIF-1α protein increase by E2 and G-1 was abrogated in presence of the EGFR inhibitor AG1478 (AG), the MEK inhibitor PD98059 (PD) or using a plasmid encoding a c-fos mutant named dominant/negative c-fos (DN/c-fos) in both SkBr3 cells (Fig. 4A-B) and CAFs (Fig. 4C-D) . Taken together, these data indicate that GPER along with the EGFR/ERK/c-fos transduction pathway mediate the HIF-1α expression induced by E2 and G-1. 
HIF-1α is involved in the up-regulation of VEGF induced by E2 and G-1. Considering that
HIF-1α exerts a crucial role in the regulation of VEGF in diverse pathophysiological conditions, we aimed to evaluate whether the VEGF protein induction by E2 and G-1 is mediated by HIF-1α.
Performing immunofluorescence assays, we ascertained that the up-regulation of VEGF induced by these ligands is abrogated knocking-down HIF-1α expression in both SkBr3 cells (Fig. 5 and Supplementary Fig. S3 ) and CAFs (Supplementary Figures S3-S4) . Accordingly, the transactivation of a VEGF promoter construct triggered by E2 and G-1 was prevented silencing HIF-1α expression in SkBr3 cells (Supplementary Fig. S5 ) and CAFs (data not shown). Likewise, the luciferase activity induced by E2 and G-1 was prevented transfecting cells with a HRE-mutated VEGF promoter construct (Supplementary Fig. S5 ). It is worth noting that E2 and G-1 were also not able to stimulate VEGF expression transfecting both SkBr3 cells and CAFs with the DN/c-fos plasmid (data not shown).
Further supporting the aforementioned findings, in SkBr3 cells the membrane impermeable E2-BSA induced the EGFR and ERK1/2 phosphorylation ( Supplementary Fig. S6 ) as well as the upregulation of c-fos, HIF-1α and VEGF mRNA expression (Supplementary Fig. S6 ). In addition, E2 and G-1 alone and in the presence of the ER antagonist OHT promoted the activation of EGFR and ERK1/2 ( Supplementary Fig. S6 ) as well as the up-regulation of c-fos, HIF-1α and VEGF mRNA expression ( Supplementary Fig. S6 ). It is worth noting that OHT stimulated the aforementioned responses ( Supplementary Fig. S6 ) acting as a GPER agonist, according to previous studies (4,7).
Altogether, these data may suggest that GPER mediates the estrogen-induced expression of VEGF through the EGFR/ERK/c-fos transduction pathway and the involvement of HIF-1α. previously treated with E2 and G-1. Interestingly, a ramified network of tubules was generated in HUVECs grown in medium from CAFs treated with E2 and G-1 (Fig. 6A ), while these ligands had no effects knocking-down the expression of GPER in CAFs (Fig. 6B) . Further supporting these data, the addition of VEGF to medium collected from GPER-silenced CAFs rescued the generation of tubule structures in HUVECs (Fig. 6C) . These results, recapitulated in figure 6D -F, indicate that VEGF may be considered as a target of the estrogenic GPER signaling towards new blood vessels formation.
GPER is involved in VEGF-
GPER mediates HIF-1α and VEGF expression along with growth effects in breast cancer
xenografts. Then, we turned to an in vivo model system. Female nude mice bearing into the intrascapular region SkBr3 cell tumor xenografts were treated with vehicle, G-1 alone and in combination with the GPER antagonist G-15 (10) . These administrations were well tolerated as no change in body weight or in food and water consumption was observed together with no evidence of reduced motor function. In addition, no significant difference in the mean weights or histologic features of the major organs (liver, lung, spleen, and kidney) was observed after sacrifice among vehicle and ligands-treated mice, thus indicating a lack of toxic effects. Histologic examination of SkBr3 xenografts revealed that tumors were primarily composed of tumor epithelial cells (Supplementary Fig. S7 ). After 40 days of treatment, the tumor growth induced by G-1 was prevented by G-15 (Fig. 7A) . Representative tumor images are shown in Figure 7B . As evidenced in Supplementary Figure 6 , E2 and G-1 stimulated the proliferation of SkBr3 cells also in growth assays performed in vitro. Next, we found increased HIF-1α and VEGF protein levels in tumor homogenates obtained from G-1 stimulated mice respect to vehicle treated mice, however these stimulatory effects were abrogated in the animal group receiving G-15 in addition to G-1 (Fig. 7C) .
The acknowledged marker of endothelial cell proliferation CD34 (32, 33) paralleled the increased expression of HIF-1α and VEGF upon treatments ( Fig. 7C and Supplementary Fig. S8 ), suggesting that ligand-activated GPER may stimulate tumor growth and angiogenesis. 
DISCUSSION
In the present study, we have demonstrated that GPER mediates the up-regulation of VEGF expression induced by E2 and G-1 in breast cancer cells and CAFs. In particular, we have ascertained that GPER activation by both ligands engages the EGFR/ERK/c-fos transduction signaling towards the induction of HIF-1α and VEGF transcription. As a biological counterpart, we have evidenced that GPER mediates endothelial tube formation in HUVECs cultured in medium from CAFs, which were previously treated with E2 and G-1. In addition, we have determined that G-1 induces growth effects in SkBr3 tumor xenografts and increases the expression of HIF-1α, VEGF and CD34 in tumor homogenates. Therefore, the present findings provide novel insights into the potential of GPER to mediate estrogen-dependent regulation and function of VEGF, which plays a main role in tumor angiogenesis and progression (23, 24) .
Breast cancer is stimulated by estrogens that activating the classical ERs modulate cell proliferation, adhesion, migration and invasion in estrogen-sensitive tumors (2,3). In addition, estrogens promote the formation of new blood vessels within the tumor mass (35) , hence suggesting that these steroids elicit a stimulatory role not only in cancer cells but also in components of the surrounding stroma in accordance with the results obtained in the current study. As the complex process of angiogenesis is required for tumor progression, it represents a central biological target in cancer (36) . VEGF is one of the most potent pro-angiogenic factor playing a paramount role in the formation of blood vessels in the development of different types of tumors, including breast cancer (23) . Accordingly, VEGF is highly expressed in breast cancer specimens compared with normal breast tissue (37) and its suppression leads to the inhibition of breast tumor development (38) . Diverse factors regulate VEGF expression like hypoxia, cytokines, growth factors and hormones (23) . In this regard, previous studies have demonstrated the ability of estrogens to up-regulate VEGF levels activating ERα, which binds to the estrogen response elements (EREs) located within the VEGF promoter region (25, 26, 39) . As these studies evaluated the mechanisms involved in the estrogen-regulated 
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VEGF expression in ER-positive cells, in the current study we evaluated the potential of estrogens to trigger the transcription of VEGF in ER-negative cells. In particular, using both in vitro and in vivo model systems we have provided novel evidence regarding the GPER-mediated stimulation of VEGF, although further investigations are needed to better clarify the role played by GPER in the modulation of VEGF in diverse pathophysiological conditions. Interestingly, our data may recall previous findings showing that the ER antagonist and GPER agonist OHT (4,7) is able to up-regulate VEGF in different tumor types, including breast cancer (40, 41) . In addition, it has been recently reported that low survival rates in endometrial cancer patients are associated with both elevated GPER expression and VEGF levels (42), further providing a relationship between these two main players of tumor cells and the surrounding stroma.
HIF-1α constitutes with HIF-1β the active transcriptional complex HIF-1 that regulates many genes involved in important biological functions in cancer cells like energy metabolism, survival, cell migration and neovascularization (43) . Cytokines, growth factors and hormones beyond hypoxia were shown to up-regulate the expression of HIF-1α (44) . For instance, in normoxic conditions activated EGFR increased HIF-1α expression through the phosphatidylinositol 3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) and MAPK transduction pathways (45) .
Further extending these data, our present results indicate that the GPER/EGFR/ERK/c-fos transduction signaling is involved in the up-regulation of HIF-1α by estrogens, thus providing novel insights into the mechanisms mediating the HIF-1α-dependent stimulation of VEGF. Moreover, the current results corroborate our previous studies showing that a cross-talk between HIF-1α and GPER regulates the expression and function of VEGF upon hypoxic conditions (29) .
The stromal contribution to the development of a wide variety of tumors has been extensively assessed using both in vitro and in vivo model systems (46, 47) . For instance, it has been shown that malignant cells may recruit into the tumor mass diverse components of the microenvironment like CAFs, inflammatory and vascular cells that actively cooperate towards cancer progression (46, 47) . In particular, increasing evidence has suggested that CAFs contribute to cancer aggressiveness through the production of secreted factors which target numerous stromal components and cancer cell types (46) (47) (48) . In breast carcinomas, CAFs have been shown to elicit relevant biological activities including the stimulation of new blood vessels formation, which closely correlates with cancer growth, metastasis and poor prognosis (29, (46) (47) (48) . Our results further extend these findings as the medium collected from CAFs, which were stimulated by estrogens, induced tube formation in
HUVECs. This response occurred through the GPER-mediated release of VEGF, suggesting that the paracrine signaling between CAFs and endothelial cells may trigger angiogenic processes towards tumor progression. Likewise, the growth effects observed in breast cancer xenografts upon ligand-activated GPER were paralleled in tumor homogenates by an increased expression of HIF-1α, VEGF and the vessel marker CD34. In line with these data, an enhanced tumor growth occurred in vivo using breast cancer cells engineered to express elevated levels of VEGF (49), on the contrary the inhibition of VEGF led to the growth arrest of breast carcinomas in nude mice (38) . In addition, an increased VEGF expression upon E2 exposure was found in rat mammary cancer (50) , further highlighting the main role played by VEGF in breast tumorigenesis.
The present data provide novel insights into the potential of estrogenic GPER signaling to trigger the HIF-1-mediated increase of VEGF towards angiogenesis and cancer progression. Furthermore, the paracrine responses mediated by GPER extend the current knowledge on the critical interaction between cancer cells and the surrounding stroma which plays a pivotal role in tumor development and metastasis. Altogether, these findings may be taken into account in setting novel therapeutic strategies targeting the stimulatory action of estrogens in breast cancer. 
